In the unicellular green alga Eremosphaera viridis caffeine induces oscillations of cytosolic Ca 2+ which cause membrane potential oscillations. Application of the caffeine analogues isocaffeine, theophylline, and isotheophylline resulted in membrane potential oscillations with a structure-activity relationship comparable to isolated ryanodine/cyclic ADPribose (cADPR) receptor Ca 2+ channels from animal cells.
Ca
2+ release from internal stores is of utmost importance for Ca 2+ mediated intracellular signal transduction in eucaryotic cells. In animal cells ryanodine/cADPR-activated channels release Ca 2+ from the endoplasmic reticulum (ER) -the major Ca 2+ store. The plant alkaloid caffeine and related methylxanthines are frequently used to activate these ryanodine/cADPR receptor Ca 2+ channels. The membrane permeable xanthine derivatives applied externally in the millimolar range increase the cytosolic Ca 2+ activity ([Ca 2+ ] cy ) in animal cells and may give rise to [Ca 2+ ] cy oscillations (Chapman and Miller 1974, Friel 1995) . In plant cells little is known about the molecular entities involved in releasing Ca 2+ from intracellular stores. Patch-clamp measurements on isolated vacuoles (Allen et al. 1995) and biochemical experiments (Muir and Sanders 1996) indicate the existence of a ryanodine/cADPR receptor Ca 2+ channel in plant cells. Recently we demonstrated that caffeine or Sr 2 " 1 " induces [Ca 2+ ] cy oscillations in the unicellular green alga Eremosphaera viridis (Bauer et al. 1997 ). These [Ca 2+ ] cy oscillations are likely to be caused by a repetitive Ca 2+ release and Ca 2+ re-uptake by the ER mediated by a ryanodine/cADPR type of Ca 2+ channel (Bauer et al. 1998a) . In E. viridis any increase in tCa 2 " 1 "]^ results in a hyperpolarization of the plasma membrane (Bauer et al. 1997 , Schonknecht et al. 1998 (Bauer et al. 1997 (Bauer et al. , 1998a . The hyperpolarization is due to the opening of plasmalemma K + channels, which are activated by Ca 2+ in a co-operative manner at physiological [Ca 2+ ] cy (Bauer et al. 1998b ). Thus, in E. viridis hyperpolarizations can be used as a qualitative indicator for an increase in [Ca 2+ ] cy (Schonknecht et al. 1998) . For a further characterization of ryanodine/cADPR receptor Ca 2+ channels in E. viridis we tested the effect of different xanthine derivatives on the membrane potential. Figure 1 illustrates the effect of caffeine (1,3,7-trimethylxanthine) and isocaffeine (1,3,9-trimethylxanthine). Measurements were performed in the virtual absence of divalent cations with 0.1 mM ethylene glycol-bis(/?-aminoethylether)-A^ A^/V./Z-tetraacetic acid (EGTA) in the bath solution. Membrane potential measurements (Axoclamp-2B, Axon Instruments, Foster City, CA, U.S.A.) were continuously monitored on an oscilloscope, registered by an x/t-recorder, and scanned by a scanner for final analysis and presentation. Further experimental procedures were described previously (Bauer et al. 1998a, b) . Xanthine analogues were obtained from Sigma (Munchen, Germany) and Fluka (Buchs, Switzerland). Twenty mM caffeine induced repetitive transient hyperpolarizations in 50% of the measurements (n = 98). These oscillations had a duration of up to 60 min in presence of caffeine. Upon removal of caffeine, transient hyperpolarizations ceased within 1-2 min. In 20% of the experiments 20 mM caffeine induced only one or two transient hyperpolarizations. Ten mM caffeine also induced repetitive transient hyperpolarizations in 50% of the measurements, which lasted, however, 20 min at most. Compared to this, 20 mM isocaffeine induced transient hyperpolarizations with a probability of 78% (n = 9), however, four successive hyperpolarizations were observed at most (Fig. 1) . Besides the trimethylxanthines caffeine and isocaffeine we tested the effect of two dimethylxanthines on the membrane potential of E. viridis (Fig. 2) . Twenty mM theophylline (1,3-dimethylxanthine) induced repetitive transient hyperpolarizations in 63% of the measurements (n = 19). These oscillations also had a duration of up to 60 min. When theophylline was removed from the external medium transient hyperpolarizations reversibly ceased within 1-2 min (Fig. 2) . Twenty mM iso- theophylline did not induce transient hyperpolarizations of the plasma membrane at all (n = 4). The membrane was slightly depolarised by about 24 ±4 mV after the addition of isotheophylline. The frequency and amplitude of repetitive transient hyperpolarizations observed in the presence of caffeine, isocaffeine, or theophylline did not differ for the different xanthine derivatives. Additionally, for theophylline it was shown that the amplitude of repetitive transient hyperpolarizations followed the Nernst-potential for K + . From -173±8mV with 0.1 mM K + in the external medium the amplitude of hyperpolarizations decreased to -123± 7mV with 1.0 mM K + and to -78 mV with 10 mM K + (n=5). At a cytosolic K + -activity of 130 mM (Bethmann et al. 1995 ) these values come close to the Nernst potential for K + , in good agreement with transient hyperpolarizations induced by Sr 2+ (Bauer et al. 1998a) or by other effectors (Schonknecht et al. 1998) .
In order to support the assumption that caffeine ana- logues cause Ca 2+ release from the ER by activating a ryanodine/cADPR type of Ca 2+ channel, different inhibitors were applied. Ruthenium red, a known antagonist of ryanodine/cADPR receptor Ca 2+ channels (Ma 1993) , was microinjected into the cytoplasm of algal cells (Fig. 3) . At cytosolic ruthenium red concentrations below 10/^M caffeine-induced transient hyperpolarizations were specifically blocked (n=10), whereas the transient hyperpolarization observed after a "light-off" stimulus (Schonknecht et al. 1998) was not influenced by ruthenium red (Fig. 3) . The ER Ca 2+ -ATPase blockers 2,5-di-tert-butylhydroquinone (DBHQ) and cyclopiazonic acid (CPA) (Inesi and Sagara 1994) have been shown to act specifically on ER Ca 2+ -ATPases in plant cells as well (Logan and Venis 1995 , Hwang et al. 1997 , Liang et al. 1997 Although the four methylxanthines tested here do not differ much in their structure their effectiveness to induce repetitive transient hyperpolarizations in E. viridis varied a lot ( Fig. 1, 2 ). Caffeine and isocaffeine differ from each other just in the position of one of the three methyl groups (see Fig. 1 ). But whereas caffeine induced long lasting membrane potential oscillations in every second experiment, isocaffeine induced one to four successive transient hyperpolarizations at most. Alike, theophylline and isotheophylline differ from each other in the position of one of the two methyl groups (see Fig. 2 ). And whereas theophylline induced membrane potential oscillations in nearly two experiments out of three, isotheophylline did not induce hyperpolarizations at all. The hyperpolarization of the plasma membrane of E. viridis is caused by the opening of Ca 2+ -dependent K + channels (Bauer et al. 1998b , Schonknecht et al. 1998 ) and is thus indicative for a transient increase in [Ca (Fig. 3) (Bauer et al. 1997 (Bauer et al. , 1998a . These oscillations are blocked by the ryanodine/cADPR receptor Ca 2+ channel inhibitors ruthenium red or ryanodine as well as by DBHQ or CPA (Bauer et al. 1998a (Muir and Sanders 1996) .
In muscle cells caffeine concentrations < 1 mmol liter"' are sufficient for intracellular Ca 2+ release from the sarcoplasmic reticulum, whereas 2-20 mmol liter"' are required for robust effects in non-muscle cells (Liu and Meissner 1997, Muller and Daly 1993) . So the concentration of 20 mM methylxanthines used here is well within the concentration range used with non-muscle animal cells. How does the structure-activity relationship observed in E. viridis compare to data from animal cells? The relative efficacy of different methylxanthines in intact muscle cells (Chapman and Miller 1974) , in intact non-muscle cells (Muller and Daly 1993) and with isolated muscle ryanodine/cADPR Ca 2+ channels (Liu and Meissner 1997 ) is comparable. Theophylline (1,3-dimethylxanthine) is equal or slightly less effective compared to caffeine (1,3,7-trimethylxanthine), whereas isotheophylline (1,9-dimethylxanthine) and isocaffeine (1,3,9-trimethylxanthine) have no significant effect. The same structure-activity relationship is observed here in the unicellular green alga/?, viridis (Fig. 1,  2) . The rapid reversibility of the action of caffeine (and other methylxanthines) was also observed in intact muscle cells and was interpreted by the relative weak binding of the alkaloid to the ryanodine/cADPR receptor Ca 2+ channel (Chapman and Miller 1974) . Summarising the efficacy of different methylxanthines to induce ([Ca 2+ ] cy and parallel) membrane potential oscillations in E. viridis points to a conservation of ryanodine/cADPR type Ca 2+ channels between plant and animal cells.
